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EXPERIMENTAL INVESTIGATION OF THE ROBINSON-TYPE CUP ANEMOMETER

By M. J. BREVOORT and U. T. Jom-mt

SUMMARY

An inveatigaiion on the Robinmn-type owp amom-
eter has been complded by’ the Na$i.mudAdvby Com-
mitteefor Aeronuuiics. Thi3 inve8tiga$iOnCoveredforce
memurenwnts on individud mp8, w w8i’J w staii.c and
dynamic torque memuremeni%and cdibraiiona on oom-
plete cup w?w5?J3.In the tt%tson indidwd cup8 6 cup

forma were wed and in the mea8urenuW8 on complete
cup wluzk 4 cup wh.eeh wiih S arm lengh for ah
tip wheel were teded. AU the re4wlt8are pre-ecn.tedin
graphicaljorm.

INTRODUCTION

The National Advisory Committie for Aeronauticsj
in cooperation with the United Statw Weather Bureau,
has conducted an investigation on the Robinson-@pe
cup anemometer.

This investigation comptied: (1) a study of the
forces on individurd cups through a wide range of
Reynolds Number; (2) static-torque measurements on
several cup wheels, using three diilarent arm lengths
for each cup wheel tested; (3) dynamic-torque tests
of the same cup wheels with the swne arm lengths
as used in the static-torque measurements; (4) crdi-
bration tests of the same cup wheels on a regular
service spindle as used by the Weather Bureau; (5)
torque measurements on a single cup through a com-
plete revolution under operating conditions, i. e.,
mounted in a cup wheel in such a manner that the
torque produced by the individual cup could be mess-
ured, a comparison of the plotted results thus obtained
with results calculated from static-torque measure-
ments on individual cups; and (6) drsg teats on com-
plete cup wheels.

Patterson (reference 1) made an extensive invc9ti-
grdion covering part of the same field and presented
a very complete history of the problem. The agree-
ment between the results from the two investigations
is, in general, close.

STATIC FORCE TESTS ON INDIVIDUAL CUPS

All the measurements presenixd in this report were
made in the model of the fi.dl-scaletunnel described in
reference 2.

The forces on hemispherical cups have already bem
messured over a sms!ll range of Reynolds Number.
The work of EMel (reference 3) ma of a prelimimq
nature performed in connection with measurements
on spheres. BraMeld’s tests (reference 4) were part
of an investigation on complete cup wheels; no at-
tempt was made to determine the effect of Reynolds
Number. Hansen’s tests (reference 5) were made on
both open and closed hemispherical cups at Reynolds
Numbers ranging from 130,000 h 430,000. Cup
diameter is the dimension used in determiningg Rey-
nolds Number.

In view of the fact that in service the cups on a
cup wheel me subject to a very great range of velocities
and in consideration of the lack of sdisfactory agree-
ment among available data, it was considered desirable
to extend and repeat this work to determine the effect
of Reynolds Number more completely. The in-
fluence of vsxious supports in several orientations
with respect to the cup wss &o determined.

A preliminary report of the static tests of indi-
vidual cups has already been published as reference 6.

APPARATUS AND METHODS

A special balance was constructed for measuring
the lift and drsg on individual cups (fig. 1). Forces
of the order of 1 gram could be accurately measured.
The msxhnum load on each arm wss limited to about
1 kilogram. Since the forces on the 15.25 centimeter
(&in&) cup considerably exceeded this limit at high
speeds, a balance arrangement (&g. 2), smembled for
subsequent teats, was utilized for the high-velocity
part of the range.

The dimemions of the five cups used in this inves-
tigation are given in the following table; the conical
forms me shown in figure 3.

Oupnrunk shap3 Ontslde dlametm

1
L___________ He

rIL__________

~h~~ (~th~tm)---------- lo~ -4.03 In.

V

IL__________ cad (withont h@d)___________ 11.m cm 4.bOin.
-hem (ti] bend) S.lo cm 2m in.

Iv__________ Cad (with bad —----------------- 11.9s cm 4.70 in.
-------------

v____________ Herd@mical (w5 out &ad) --------- 1s.26 an (m in.

A valocity survey .WSSmade with and without the
cup in the tunnel. A point wss found above and in
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front of the cup at which the air speed could be meas-
ured without interference horn the cup and at which
the true reading was maintained throughout the speed

Section A-A

—.
‘-e.g.of balance

Lift--

Fmwm L-The pivotbalance.

4Wire? .
.

Mofo; 4 --Wires

Lvirew
(a) Torque bulori;eWiies (b)

(a) The babe
(b) The relation of the angks and vfdcrltk

FIOCEE 2—The WnduJmn MOnca

C@”II C@3w

F1OW 3.-C0niCd mP&

range. A calibrated pitot tube was used for meas~”
air speed. Owing to the lack of sensitivity of a pitct-
static tube for low velocity, a hot-wire anemometer

was used in this range. For comparison, the two
range9 were always made to overlap.

RESULTS AND DISCUSSION

The results for cup I at 0° and 10° rmgle of attack
me presented in table I. Similar tables for the com-
plete range of angle of attack for all five cups are
available upon request from the National Advisory
Committee for Aeronautics.

TABLE I

FORCE MEASUREMENTS ON CUP I

‘1

ml Wu&
L41

k:
4s7
4,77
&m
0.3s
0.32
7.18
&m
L*
L 15
.34

i$
.s3

::6

:%
.am

am’

xlo-

a-lrf’

CD

0
0
0
:
0
0
0
0
0
0
0
I
0
:
0
0
0
0

The coefficients are defined as follows:

~D=force downstream
g .A

CL= force crow-stream
qA

CN=CD COS~+(?L Sin Ci

There “A,the cross-sectional area of the open face of the
cup using outside dimensions.

V, the air speed.
v kinematic viscosity.
~, the outside diameter of the open face of the

cup.
a, the angle of attack measured as indicated in

figure 1.



EXPERIMENTAL INVESTIGATION OF THE ROBINSON+YPE CUP ANEMOMETER 145

F[at

1.

L

1,

c=

.

8 v

6

—
,20

55 /2
,4 +< “’

,2

\

,0
0,20,30--

40

.8

6 \\\\.(

0

8- 8,)2,20,fO,40
-4
>

, I 4UI I Iv
d I NJ. I /l 12

I I I I I I I l= I A// I I I I I I I d

.2

0 .20 40 60 80 [00 . 120 /40 f60 180
Angle of affdck,degrees

IRE 4,—The voriotlon Of drag @etlldant wtth angle of attack for hem@herlral enemomek CUP. CUP I, ~ and V. Vrdu&Yindkate Reynokls Number XIO-4.



146 REPORT NATIONAL ADVISORY COMMI!M’EE FOR AERONAUTICS

FIGUB

.
)

. I
1.6

I
1 ,

I 4,8.

/.4

/.2

f
12,r?o -30,40 -20,30,40

f.o
4,8-

f

.8 \\\ .

c=
(/ f2-

.6 /

0 8-

.4 N\

4- 30,90

.2

-20

.’8.
0

\ J
30

/ L // “
.0 ‘

-.2 4
&.1 2

& ~

/

-.4

0 20 40 60 80 /00 /20 /40 160 /80
Angle ofo+fack,degrees

E 5.—The variation of lfft @dent with angle of attack for hemLsphwksf mmmmnoier cqs. Onp Ij III, and V. Valam indlcata RegnoMa Number 11P



EXPERRrDJNTAL INVESTIGATION OF TlZ13 ROBMON-TYPE CUP ANEMOM13TEIR 147

20 3

#
j
I -/6,24

f.8
1
1
I

Iq

1.6-

/.2 ‘

/.0 ‘M

.8-

ON

.6

.4

.2
4P

\

\ J/

2+

f \ \
o

(6,

\

/
\

-.2
8;

/ Y \

/ \ \ \
/
o>

~

-.4 — - /

o 20 40 60 m so /00 120 /40 /60 180
Angle ofoffock,degrees

Fmmm 6.-The variation of normal-form r=mfiidant wfth angle of attack for hamispherfral anarnomater CZWS. Oqm ~ ~ and V Valum fndfcats Raynrdds
Nnmher xlOJ.



148 REPORT NATIONAL ADTISORY COMMITTEE FOR AERONAUTICS

1

L:2 \mK \l 30\ I

/

J
1.0

CD

.8

c.
.6 \

// \\\ I o. / ~ c. /
I r // I I r L.

//1
1 t 1 I \

\\\!
I

A
, ,1

.4

c.

71 I I I I I I I I 1?\ I I ,,, , , , , I Ii \ I 1/!-.-
\ Ao i c’ i

-.4

0 20 40 60 60 /00 120 /40 !60 , 180
Angle ofaffock,degrees

FIGURE7.—The vaiietion of M and drag ccdidemtd with angfe ofattadi for confml mmmometef cmpIf. Valum indicate Reynolds Number xlOJ.

.



IKYPERIMENTAL INVESTIGATION OF THE ROBINSON-TYPE OUP ANEMOMIXEOR 149

f

L

la

L

1.

-.

I I I I I \l_ / 1 1 { 1 I 1 I I
60 80 100 izo /40 160 180

Angle ofottack,degrees

FIWEE &-The variation of normal farm cmflkiont with angle of nttaok for mnlral enomameter mp U. Vdms indlmLe Reynolds Nnmber Ml+



150 RDJ?O13TNATIONAL ADVISORY COM~~D FOR AERONAUTICS

-.

-.

.2

0

2

40 20 40 60 80 100 /20 /40 160 180
Angleof affack,degrees

FIGURE9.+Che rariation of lift and drag meftldents with angle ofattack for mnlml auemomak aup IV. VakIM indkati Reynokla Ntrmixr xlOJ.



EXPERRKEN’I!! IIWESTIGA’ITON OF TRJ?lROBINSON-TYPE CUP ANIIMO~R 151

I
2.0 I \

I
I20.

0 8
I

1.8 1 v
1

/ I

3? I
1.6 7

~--12,8
’20 1 \

A #l MJli

~1 I I I iilll I I 11

I I/ I A.7 1 1 RR I 1 1 1 ,

1-
‘“4 30

W / \ II
/

/
\ \\

r.2 - \ I I

1.0 \\

8,f2,20--

.8

CN

4--

.6- 1

Iii\

.4

1

.2

\
\

~o

0- f

-a

Y

/29

II\
3
~ k-.2

8-
4

\
i

-.4 -b-
‘/2

\
20,

\

-.60 20 40 60 80 /00 /20 140
Angleofaffod, degrees

FIovaE 10.+e variation of normal-force amffkleat wfth angle ofaitaek for amlml anemometa cnp IV. VokIas fndfaate Reynolds Nnmbar xUH.

7104H&ll



152 REPORT NATIONAII ADVISORY COMMITTEE FOR AERONAUTICS

The normal-force coefficient C~ is positive when the
normal. force k in tho direction of rotation of a cup
mounted on ~ cup wheel.

The results obtained for the five cups are shown in
figures 4 to 10. These curves are a result of cros-s-
plotting faired curve9 of the coticicnts against
Reynolds Number. Each of the original curves of a
coefficient against Reynolds Number at a particular
angle of attack was determined by. passing a smooth
curve through the greatest number of about 20 points.

Figures 4,5, and 6 are cross plots of the fnired curves
of cups.I, III, and V. They check the results of Brad-
field and Hansen (references 4 and 5). A more direct
comparison at the same Reynolds Number is given
in figure 11. Brndiield has discussed the discon-
tinuity occurring at 45° angle of attack on the CD
curves. He found, on gradually varying the angle,
that around 45° angle of attack the balance vibrated
between two extremes. The points before and after

2.0 ~,~lllllllltll~I I I I
1 1 1 1 ! 1 1 , , , , I

1.

1.

+H-I-I-o 6–--1-”

Angle ofaffack,degrees

FIGUREIl.—The varietian of normal-force meffldent with tingle of attack ferhemi-
xphakal cmPL+at Reynolde Nomber of 16xlOJ.

this angle ddinitely fall on two diflerent curves. The
results presented here codirrn Bradfield’s observations
and ako exhibit singular points on the c. curves in the
range of angles of attack horn 90° to 120°. The exact
location of these singularities apparently depends
largely upon the Reynolds Number.

The conical cups (&. 7, 8, 9, and 10) exhibit much
the same tendencie-sas do the hemispherical cups, with
the exception of cup II at 45° angle of attack for which
the usual discontinuity does not occur. This property
makes no material difference in the performance of a
cup wheel employing this cup form.

A series of tests was performed to determine the
effect of the mounting on the forces on the anemometer
cups. The results show that the rod extending from
the trailing edge has little effect as compared with a
rod extending horn the leading edge. The tests indi-
cated that there should be some discrepancy between
the results using our mounting and those of Bradfhld
and Hansen.

In figure 11, which gives a compmison of the results
of this inves~oation with those of Bradfield and Han-
sen, there is fair agreement except in the range of 40°
to 120° angle of attack where the method of mounting
is important, and in the range of 110° to 120° where the
@of cup has an effect not accounted for by Reynolds
Numbar.

In order to determine the effect of turbulence, a
seriesof tests was made iu which the normal turbulence
of 0.4 parcent, mensured by the method outlined in
reference 7, was varied up to 2.o percent. When the
average dynamic pressure at the position of the cup
was used for q, no dependence of the coefficients on
turbulence could be detected.

STATIGTORQUETESTS ON COMPLETECUP~HEELS

Static torque is the moment in gram-centimeters
about the axis of rotation of the forces acting on the
cup wheel when stationary.

The static torque was measured for each of 12
different cup wheels. Four diflerent combinations of
size, shape,and number of cups were used, with tl~ee
arm lengths for each combination. These arm lengths
were chosen so that ratios of cup diameter to arm
length (D/L) of 0.30, 0.43, and 0.80 were obtained for
each combination.

The four diilerent kinds of cup wheels used were:
A. 10.16-centimeter (4-inch) hemispherical cups in

4-cup wheel.
B. 10.16-centirneter (4-inch) hemispherical cups in

3-cup wheel.
C. 5.OS-centimeter (2-inch) hemispherical cups in

kllp wheel.
D. 1.1.60-centimeters (4.56-inch) conical cups in 4-

cup wheel.
Arms were all 0.63 centimeter (% inch) in diameter.

Cups A, B, and D were braced by a smallwire stretched
between the outer ends of the cup arms.

These tests were made using the balance shown
in figure 2 (a). The balance frame is supported in
pendulum style with 4 wires, 1 at each corner. The
balance be is restrained horn fore-and-aft nnd
lateral motions by a ball bearing that fits on the
pendulum by having its axis directly in line with the
spindle axis. This bearing is held rigidly in place by
wires and allows the frame to move only in torsion.
The balance that measures torque is attached to the
frame about 70 centimeters from the spindle m%,
The movement of the balance frame is small, being of
the order of 0.0254 centimeter (0.010 inch) at the 70-
centimeter radius; hence any restoring force due to
displacement may be neglected.

The cup wheel is held rigidly to the spindle by
means of dowel pins, thus insuring against any change
of angle of attack from slipping. The spindle is
equipped with a sector and can be turned and clumped
at any a@e.
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Test on cup wheels A, C, and D were made through
a 90° range of angle of attack at intervals of 10°, and
cup wheel B was tested through a 120° range at
intervrds of 15°.

When running these tests the cup wheel was set at
a given angle of attack and readings were taken at a
seriw of tunnel air speeds ranging from 5 meters per
second to 35 metem per second. These results were
plotted m curves of torque against air speed, each
curve being for a constant angle of. attack. Cross
plots of these curves were made in order to obtain
curves of torque against angle of attack, each curve
being for constant air speed. The iinal cross plots are
given in figures 12 to 15. The results presented in
these figures may be interpolated with con.tidence
within the range covered as the torque-ah speed
curves were generally smooth and were usually
straight lines.

When comparing these results with those of Patter-
son, it should be borne in mind that his angle O=
900—a. In figure 16 is given a comparison between
Pattemon’s results and the results of the present tests.
The comparison is made for cup wheel A at an air
speed of 9.41 meters per second. In order to make a
direct comparison at the same value of DJL, it was
necesmy to multiply Patterson’s results by a cor-
rection factor obtained by dividing the arm length
nocesaary for the D/L ratio given by the nearest arm
length used by him. The correction applied to Pat-
terson’s remhk was less than 10 percent in all cases.
This correction makes the rw.dts check well except
for a small difference in angle of attack, of the order
of 1° or 2°.

Cup wheel D, with a D/L of 0.30, was the largest
wheel used. In order to determine tho tunnel-will
effect on the tests presented, this large cup wheel was
checked for static torque in the N. A. C. A. 7- by 10-
foot wind tunnel. As no measurable difference could
be detectid, it was concluded that the tunnel+wlll
effect is smaller than the experimental error. The
interference between ctips in static-torque tests has
been measured for one cup wheel at one mm length
d four velocities by Hubbard and Brescoll (reference
8). The interference in the static-torque cm.eis, how-
over, of only academic interest.1

CALIBRATION TESTS

Each of the 12 dHerent combinations of cup and arm
length was calibrated on a regular service spindle sup-
plied by the Weather Bureau. This spindle is a shaft

t Altbougb the ruulte Prmeatd berafn were not obtafned wfth the obJwt of cal-
adatlrw the fntarfererm between cnps for the stetfetm’que ~ it fe msitde to
mfdato tbM Interfemm by using the date for fndfvfduel cqa and for complet@
@p wheels. The etatfa temne for a mrdate IYIPwheel meY im compnt@ by
esmmfng the pmp?.r arm length and usbm tbe vaks of C. obtafneil in tcstd on
Individual mm. This due eheufd be mmmt ff there were no fnterferenw betwmn
the caps. Tie arms of the UIP wbed am 0.C3antlmeter (M fneh) rode and the
Integrated eEfmt cm tbe statiu torqne maY b mmfmted en the task of force M
on oylfndere, The dfffemnm between the computed value of sWlc terqne fer the
@mplet@UJp wheel and Lhevafne ofstntfo taqnedatermfned [n @te on a mmplete
cop wbeef b a mwmue of the fnterferenm between ems.

mounted in ball bearings so as to be as nearly friction-
1sss aa possible. The cup wheel is mounted on one
end of the shaft. A gear arrangement on the other
end closes an electrical contact each 50 revolutions of
the cup wheel. The revolution speed is secured by
timing the flashea of a neon light in series with these
contacts.

The spindle was mounted h the wind tunnel so that
it supported the cup wheel in the center of the air
stream. The cup wheel was allowed to turn freely in
the ah stream and a curve of revolution speed against
air speed was obtained for each cup wheel (figs. 17 to
20). ‘As these curves give str~mht lines when plotted
on logarithm paper, it is possible to obtain a calibration
throughout the usual working range of an anemometer
by determining two points on the calibration curve,
although three points are desirable.

DYNAMIC-TESTSTORQUE

When a cup wheel is turning freely in an air stream,
it reaches a steady value of rotation speed where there
is no torque tending either to accelerate or decelerate
the cup wheel except the small amount of torque nec-
essary to overcome the friction in the bearings. When
the cup wheel rotation speed is maintained at a higher
value than that in the steady state, accelerating torque
must be supplied to the cup wheel; when the cup wheel
is maintained at a lower rotation speed than that in
the steady state, decelerating torque must be supplied
to the cup wheel. This supplied torque is the dynamic
torque defined as the moment in gram-centimeters,
about the axis of rotation, of the air forces acting on the
cup wheel when rotating. The decelerating torque is
considered positive dynamic torque and the accelerat-
ing torque negative dynamic torque.

In order to have a clear understanding of the eilect
of the ratio of cup diameter to arm length D/L and of
the ratio of cup speed to speed of the air stream v/V
on the perforrmmce of an anemometer cup wheel, the
relationships between V, D/L, v, and torque were de-

w
termined. The effect of Reynolds Number ~ may

be obtained from this information. The torque was
arbitrarily taken as a measure of performmce while
D/L, V, and v were varied.

MEASUREMENT OF DYNAMfC TORQUE

All the dynamic-torque tests made by the poin&by-
point method were obtained with the balance de-
scribed in detail in the previous section. For the
dynamic-torque measurements, a flywheel and motor
were added (see fig. 2(a)). The motor was mounted on
the balance frame, thus making it unnecessary to cor-
rect the torque for the torque supplied by the motor
and requiring only one balance reading for torque. A
set of contacts was so arranged that a neon lamp was
lighted momentarily once in every 50 revolutions.
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Mass was added to the pendulum and damping was
installed on the balance so that variation in torque of
the cup wheel throughout a revolution caused no appre-
ciable trouble in reading. The motor was used aa a
brake, being hooked to the spindle with a belt. It was
equipped with a reversing switch and rheostat, so that
it was possible to change the speed of the cup vi-heels.
This type of brake is more satisfactory than a friction
brake because it gives more uniform braking effect
and can be adjusted very finely by controlling the
voltage applied to the motor. Revolution speed was
obtained by timing the flashes of the neon lamp with
a stop watch.

Angle of attack,.dsgrees

~OUEE 16.—Compr&on betwmn statfc-torqne romlts obtafmxl by F’8tkrmn and
tberesolts ofmbkdtifo rcmpwhml~ Afr@is9.41 metemparsecz@3.

This seri- of twts was made on tha same cup wheels
that were used in making the static-torque tests. Four
cup wheels, with three arm lengths for each cup wheel,
were used.

When running these tests, the air speed V was held
constant and the torque was read for a number of
different cup speeds o within the range permitted by
the braking motor, v being the linear speed of the cup
in it9 path. CurvESof torque against v/Vwere plotted
from the data thus obtained, each curve being for ccn-
stant air speed. A sample set of th~e curvw for
DJL=O.43 for cup wheel A is given in &. 21. A
similar set of curves was obtained for each cup wheel
tested. From these curves, cross plot9 of air speed
against v/V were made for each combination tested,
each curve being for constant torque. These curves
are shown in figures 22 to 25. Each figure contains
the three sets of curves for one cup w-heel,one set of
curves for each arm length used. On each set of curves
is plotted the zero-torque curve as obtained from the
calibration tests.

Siice the Weather Bureau spindle is so nearly fric-
tionless, the calibration curve obtained using it should

check the zero torque as obtained from the dynamic-
torque teds. These curves may be checked on figs.
22 to 25. The results have been corrected to N. A,
C. A. standard conditions of temperature and pressure.
The agreement between the zero-torque curve as ob-
tained from the dynamic-torque tests and tho zero-
torque curve as obtained from the calibration tests is
best, in all cases, for the long arms.

Patterson (reference 1), gives a table of anemometer
factcm that are the reciprocals of u/V. The results of
his investigation as well as the results of the present
investigation show that for a value of D/L between
0.40 and 0.50, the performance, i. e., v/V,is a maximum.
This fact was not commented upon by Patterson, and
nothing in our results makes it possible to offer rLcom-
pletely convincing explanation. A possible e@mm-
tion of these high values maybe that there is an oppor-
tune choice of arm length which causes the rLirstream
to pass by the cup wheel as though it were a cylinder.
At longer arm lengths part of the air would go through
the cup wheel and with shorter arm lengths the speed-
ing up of the air around the imaginary cylinder would
be less.

CALCULATION OF DYNAMIGTORQUE

The theoretical torque calculations made by Pnt-
terson not being entirely satisfactory and compre-
hensive data on individual cups being available, the
torque distribution for a single hemispherical cup
through a complete revolution waa calculated. These
calculations were made for several values of U/V and
for several values of V. The following equations were
used in making th~e calculations:

where v.,
v,
n,

aj
aR,

T,
CN,
A,
L,

P,

C09 a—z

COS aR=
TV

(1)

(2)

T= cNAL(l/2 Pv.q (3)

resultant air speed.
air speed.
linear speed of cup center.
angle of attack of cup.
relative angle of attack of cup.
instantaneous torque.
normal-force coefficient of cup.
mea of open face of cup.
mm length from axis to center of cup.

(See fig. 2.)
density of the air.
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For each calculation a curve of torque against angle
of attack was plotted. These curves were integrated
and the average torque thus obtained was multiplied
by the number of cups in order to get the mean torque
for the complete wheel. A cross plot of all these
calculations was made, each tit furnishing one point.
Mean torque w-asplotted against oIV and from this
curve the value of v/V for zero torque was obtained.
The value thus obtained represents a theoretical value
employing experimental values for C~ and taking no
account of the interference between cups. The value
of v/Vfor zero torque was lower than the experimental
VELkCS tidy found. It was assumed that the higher

COMMITI’EE FOR AERONAUTICS

The arm lengths used were the same as those ~qed in
the dynamic-torque tests. Records were taken at
several vahma of v/V for each combination tested,
Six of the curves obtained are given in figures 27 to 32,
The value of V was so chosen that the natural fre-
quency of the recording mechanism would be high
enough to show truthfully the variations in tcrquo.

An exact agreement between calculated and ob-
served torque throughout a complete revolution was
not ~ected but rather a reduced torque in the
downstream position that would indicate shielding,
This shielding would account for the fact that the
experimental curves show higher performance vulues

Vfl
FIGURE25.-Variation of u/V wftb tunnel afrSBIM for CUPwbd D for dUkmt mm lou@!m. Valn6s fndloate torque in mam-ceotimekrs.

performance indicated by the experimental results was
due to the interference between cups.

DYIUMIGTORQUE RECORDER

It was thought that, if the curve of torque against
angle of attack of a single cup and a cup wheel could be
obtained, a comparison of this curve with the calculated
curve for identical conditions might yield information
that would make it possible to determine definitely the
nature of this interference. In order to make these
measurements, a dynamic-torque recorder was built;
iti construction may be seen from figure 26. Photo-
graphic recording is used in thiE instrument, and the
torque on a singlecup through 360° is recorded on a sin-
gle film. A seriesof teatswasmade using a 3-cup wheel
and a 4-cup wheel, with 4-inch hemispherical cups.

than the calculated curves. The chief difference be-
tween the experimental results and the calculated
results (fig. 33) is that the experimental results show
a larger range of angle of attack in which the torque is
positive than do the calculated results. Apparently
this case is one in which the air stream is deflected on
Pa through the cup wheel.

This change in direction was recognized and taken
into account by Patterson, who assumed that the
whole air stream was deflected and that the angle of
attack was changed by the amount of this deflection.
That the amount of deflection is variable through one
revolution and cannot be dealt with so simply is
shown by the smoke-flow pictures in figure 34. These
pictures were taken in the N. A. C. A. smoke-flow
tunnel with the anemometm turning freely on it9
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spindle in an air stream having a velocity of 1.83
met+msper second. Besides. this change of direction
of the air stream, our records show another phenom-
enon, a certain 1%0in change of flow. This lag has
been clearly shown by high-speed pictures of smoke
flow over airfoils. When the airfoil is quickly shifted

It may therefore be concluded that cup interference
is due not so much to the effect of the turbulent wake
of one cup on another as to the effect of the change of
direction of the air stream and to the effect of the lag
of the aerodymrnic forces ;n attaining the values they
should attain corresponding to the angle of attack.

tT7---\

SectionA-A

L

FIQUBE!2tl.-Drawing of dynamic-tnrqae re.mrdw.

from one angle of attack to another there is an appre-
ciable time before the air flow over tbe airfoil assumes
rLfinal steady state. It is eaay to imagine that there
may be rmappreciable lag in change of flow over a cup
which is changing its angle of attack continuously
at a high rate of speed.

IQd

—.

:.

.;
Cup whose

torqueisrecwdeii-

881

mfcu fti
~( speed CW+OI

Wmd direction and lag vary with wind speed, arm
length, and cup diameter. Although the present re-
sults and those of Patteraon bear out the validity of
the conclusion, they do not aid in an easy solution of
the problem but only emphasize its complexity. To
map out both the lag and effective change of direction
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for each angle of attack for a range of arm lengths,
cup sizes, and wind speeds would involve considerable
time and effort. If further work is h be undertaken
to clear up the general problem of cup interference, the
work will necessmily have to be limited to fewer cup
sizes and cup arrangements than were used in this
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Ram 35.-Ve.riatlon of dragwith re.volnthn @ formp whmf A fordhlemnt
emn lengthand dlfkcent W _

. .

investigation. Obviously, such a restriction would
seriously limit the value of the work.

From the collective results of the dynamic-torque
and calibration tests, it appears that a value of D/L=
0.40 will give neareat to a straight line for the per-
formance factor v/V, at least for the 4inch cups.

A comparison of the v/V for zero torque as obtained
by the four methods used is given in table II.

I TABLE II

VALUES OF u/v FOR ZERO-TOR ‘tTEOBTAINED
aBY FOUR DIFFERENT ETHODS

rmmlder of holnfspilwiull m-lo.le mnthnetora]

1 , , , t I

I 1 1 I
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FIGmE S6.—VariatIon of drag with revolution - for alp wheel B for dlfforont
onn lengths and dMermt ah speeds.

DRAG MEASUREMENTS

In order to obtain information regarding the forces
experienced by anemometer mountings and bearings
under operating conditions, the drag on several cup
wheels was measured. The drag of the spindle has
been subtracted from these results.
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Curves of cup-wheel revolution speed against drag,
each curve being for constit air speed, are=given in
figures 35 to 38.

ACCURACYOF MEASUREMENTS

%x& and dynamic torque could be measured with
a precision of &35 gram-centimeters except in a few
caseswhere the balance was vibrating. This vibration
was occasionally set up by a resonant response of the
whole pendulum at certain combinations of air speed
and cup-wheel revolution speed to such an extent that
it could not be completely damped. These re-sm.wmce
conditions were avoided insofar as possible. Air speed
was measured with an accuracy of &2 percent and
cup-wheal revolution speed could be determined within
+1 percent. The error in measurement of cup diam-
etem and arm lengths was negligible. The precision
of measurement of lift and drag forces on individual
cups varied from &O.5 gram at low air speeds to +5
grams at high air speeds. The drag measurements on
complete cup wheels are correct to within +10 grams.

Certain irregularities occur in the plotted curves,
that is, the curv- from various cup sizes and arm
lengths do not always show similar shapes when they
apparantiy should. When small cups or short wm
lengths are used, thus making the torquw to be measu-
red small, it is reasonable to assume that these
irregularities are due to errcrs in measurement. With
the larger cups and longer arm lengths, however, the
same assumption cannot be made. The results have
been checked in many cases and found to repeat

themselves. It is therefore concluded that theseirregu-
larities must be due to certain abnormalities in the
aerodynamic forces.

LmmiEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVIEORY CoWmn FOR AERONAUTICS,

LANGLEY l?IELD,VA., October10, 1934.
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